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ABSTRACT: A green facile scalable method inspired by 
polymeric dental restorative composite is developed to synthesize 
TiO,/carbon nanocomposites for manipulation of the intercala- 
tion potential of TiO, as lithium-ion battery anode. Poorly 
crystallized TiO, nanoparticles with average sizes of 4—6 nm are 
homogeneously embedded in carbon matrix with the TiO, mass 
content varied between 28 and 65%. Characteristic discharge/ 
charge plateaus of TiO, are significantly diminished and voltage 
continues to change along with proceeding discharge/charge 
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process. The tap density, gravimetric and volumetric capacities, and cyclic and rate performance of the TiO,/C composites are 


effectively improved. 


KEYWORDS: titania/carbon nanocomposites, nanoparticles, photo polymerization, dental methacrylate resin, 


lithium-ion battery anode 


itanium dioxide (TiO,) is a promising lithium ion battery 
(LIB) anode because of low cost, good cyclic stability, 
high theoretical capacity, and environmental friendliness.’ * 
Compared to commercialized graphite anode, the high 
intercalation potential of TiO, (1.7 V vs 0.1 V) provides 
good operation safety during repeated charge/discharge 
process. Nevertheless, the high intercalation potential also 
lowers the open circuit voltage and inevitably reduces the total 
energy output of the full LIBs. It is essential to lower down the 
intercalation potential appropriately, while not sacrificing the 
capacity, rate and cyclic performance of TiO,. However, studies 
on the intercalation potential manipulation of TiO, have been 
rarely addressed. It is reported that amorphous TiO, exhibits 
different discharge/charge behavior as compared with crystal- 
line TiO,.*” The discharge/charge plateaus are significantly 
weakened with respect to typical discharge/charge behavior of 
TiO,. Continuous voltage drop/increase is observed with 
proceeding discharge/charge process.* ° 
Besides the intercalation potential manipulation, the control 
over morphology, ®™!? surface carbon coating,’* and tap 
density of TiO, is also very important.'* Immense research 
work has been devoted to synthesizing nanostructured TiO, 


with surface carbon coating. >'S! Synthetic methods fre- 


quently exploited include hard/soft template, emulsification, 
hydro/solvothermal, and template free synthesi- 

{0—12,19—21 ; 15,20,22 
s. Organic molecules such as homopolymers, 

si 21,23 
amphiphilic block copolymers, small molecule surfac- 
0,24 ` 20,23 
tants, and phenolic resins, have been used as 
templating agents and/or carbon source to synthesize TiO, 
nanostructures. Despite the great success of these strategies, 
challenges still remain:(1) huge amounts of water and/or 
organic solvents are used; (2) many synthetic methods are 
time-consuming and difficult to scale up; (3) the tap densities 
of the nanostructured powders are normally quite low, leading 
to inferior volumetric capacities, which limit its applications in 
portable and wearable electronic devices.'* 

In the present work, we report a new strategy to synthesize 
TiO,/carbon nanocomposites inspired by polymeric dental 
restorative composite, which has achieved a great clinical 
success since the 1960s. With this strategy, morphology 


Scheme 1. Synthesis of TiO, and TiO,/C Nanocomposites Based on Dental Methacrylate Monomers 
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control, surface carbon coating, and intercalation potential 
manipulation of TiO, can be achieved simultaneously (Scheme 
1). 

Typical dental resin monomers of bisphenol A-glycidyl 
methacrylate (Bis-GMA, B), triethylene glycol dimethacrylate 
(TEGDMA, T), and 2-hydroxyethyl methacrylate (HEMA) are 
used as reaction medium to replace conventional solvents (1.6 
g of B, 2.4 g of T, and 2 g of HEMA). An energy saving visible 
light polymerization process initiated by Bis (2, 4, 6- 
trimethylbenzoyl)-phenyl phosphine oxide (IRGACURE 819, 
1-819, 2% by mass with respect to the total mass of the resins) 
is applied, which can be completed within the time range from 
seconds to minutes.’ Titanium tetraisopropoxide (TTIP, 
0—8 g) is used as the precursor of TiO, which can be 
incorporated into the resin matrix via coordination bonds. 
Concentrated hydrochloric acid (0.5 g) is added to control the 
sol—gel reaction of TTIP. Pluronic type of amphiphilic block 
copolymer of poly(ethylene oxide)-block-poly(propylene 
oxide)-block-poly(ethylene oxide) (F127, 0.5 g) is added to 
adjust the morphology of TiO,.”* Via photo polymerization, 
solid composites composed of cross-linked methacrylate 
network and titania related species are formed, which can be 
converted to TiO,/C nanocomposites through calcination in 
argon atmosphere. TiO, nanoparticles are homogeneously 
embedded in the in situ formed carbon matrix from the 
decomposition of the cross-linked methacrylate. Scanning 
electron microscopy (SEM), transmission electron microscopy 
(TEM), X-ray photoelectron microscopy (XPS), energy- 
dispersive X-ray spectroscopy (EDX), small-angle X-ray 
scattering (SAXS), X-ray diffraction (XRD), Raman, and 
thermogravimetric analysis (TGA) were used to characterize 
the samples. Thereafter, 2032-type coin cells composed of a 
cylindrical pad with 20 mm in diameter and 3.2 mm in height 
were fabricated using Lithium foil as the counter electrode to 
investigate the electrochemical performance of the composite 
anodes (see Figure S1 in the Supporting Information). 
Experimental details can be accessed in the Supporting 
Information. 

This strategy has several distinct advantages. First, the use of 
methacrylate monomer as solvents completely circumvents the 
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tedious, costly, and environment unfriendly solvent disposal 
process. Second, compared to other synthetic methods, the 
photo polymerization process is a fast green and energy saving 
process because it can be completed rather fast and no 
additional heating is required. Third, the dissolve of TTIP in 
the resin solution and instant formation of cross-linked 
methacrylate network by photo polymerization allow homoge- 
neous fixation of the titania related species to the cross-linked 
polymer matrix. Morphology control of TiO, and surface 
modification by the in situ formed carbon during calcination 
can be achieved. Fourthly, the cross-linked methacrylate 
network with phenyl functional groups within Bis-GMA helps 
to improve the carbon yield during calcination. It is true that 
the synthesis of the dental resin monomers requires solvent; 
and calcination at high temperature demands energy. However, 
the process developed in this work is still regarded as a 
relatively green process in the sense of circumventing solvent 
disposal and application of visible-light-initiated photo polymer- 
ization. 

The morphologies of the TiO,/C nanocomposites after 
calcination in argon followed by ball milling are revealed by 
transmission electron microscopy (TEM) as shown in Figure 1. 
When the mass ratio of TTIP against the total mass of the 
solution constituents (Mrryp) is 0.14, TiO, nanoparticles with 
an average size of around 4 nm are homogeneously embedded 
within the carbon matrix (Figure la). High-resolution trans- 
mission electron microscopy (HRTEM) and selected area 
electron diffraction (SAED) measurements indicate a poor 
crystallization of TiO, (Figure 1b). With increasing Myrp, the 
average sizes of the TiO, nanoparticles are increased to around 
6 nm (Figure lc, le, and 1g). Both HRTEM and SAED results 
indicate that the TiO, nanoparticles are partially crystallized 
into anatase phase (Figure 1d, f and h). Featureless structures 
with a broad size distribution are observed by scanning electron 
microscopy (SEM) with Mp varied from 0.14 to 1.14 (see 
Figure S2 in the Supporting Information). Particles are 
randomly assembled together, where smaller particles reside 
on the surface of larger particles. The TiO, nanoparticles of 
4—6 nm are hardly seen by SEM. It is due to the limited 
capability of SEM to detect such small particles on the surface 
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Figure 1. (a, c, e, g) TEM and (b, d, f, h) HRTEM images of the 
TiO,/C nanocomposites prepared with different Mrrp: (a, b) 0.14, (c, 
d) 0.29, (e, f) 0.57, and (g, h) 1.14. Insets: SAED patterns of each 
sample. 


of bulk powders with irregular shape, rough surface, and broad 
size distribution. However, X-ray photoelectron spectroscopy 
(XPS) indicates the existence of TiO, within the composites 
(see Figure S3 in the Supporting Information), where Ti 2p3/2 
and Ti 2p1/2 are located at 459.0 and 464.8 eV and O 1s is 
located at 530.0 eV, respectively. Furthermore, energy- 
dispersive X-ray spectroscopy (EDX) elemental mapping 
images prove the homogeneous distribution of titania species 
within the TiO,/C composite over um scale area (see Figure 
S4 in the Supporting Information). Small-angle X-ray scattering 
(SAXS) is used to investigate the average structures of the 
TiO,/C composites (see Figure SS in the Supporting 
Information). On the basis of the fitting models, bimodal 
pore size distribution exists with average sizes of 0.5 and 2 nm 
(see Figure SSb—d in the Supporting Information).”””* It is 
necessary to point out that the pores detected by X-ray likely 
refer to the carbon domains located around the TiO, 
nanoparticles. SAXS measures the contrast between titania 
and carbon since titania is embedded in the carbon matrix. 
Unlike the TiO, nanoparticles of 4-6 nm formed via 
calcination in argon, wormlike TiO, nanoparticles are observed 
after calcination in air (see Figure SS in the Supporting 
Information). With the Mrrp of 0.14, the average length and 


width of the worm-like nanoparticles are 100 and 30 nm 
respectively (see Figure SSa in the Supporting Information), 
which are assembled into um sized monolith (inset of Figure 
SSa in the Supporting Information). The fairly smooth surface 
indicates the uniform morphology of the worm-like particles 
organized with a good order. With the Myr increased to 0.29, 
besides worm-like nanoparticles, spherical particles with the 
average size of around 50 nm are also present (see Figure SSb 
in the Supporting Information). With the Mpyp of 0.57 and 
1.14, irregularly shaped TiO, nanogranules are formed, which 
are randomly assembled (see Figure SSc, d in the Supporting 
Information). As a result, monoliths with quite rough surface 
are observed (insets of Figure SSc, d in the Supporting 
Information). The results suggest that with increasing amount 
of TTIP, a morphology transition from worm-like nanoparticles 
to irregular nanogranules is promoted by thermal driving force 
during calcination in air. 

The distinct morphology difference of TiO, through 
calcination in different atmosphere is due to the in situ formed 
carbon from the decomposition of the cross-linked meth- 
acrylate network. The precursor of titania is homogeneously 
fixed to the cross-linked methacrylate network by forming 
coordination bonds between Ti and oxygen atoms within the 
resin matrix. Upon calcination in argon, the local titania related 
moieties are converted to tiny TiO, nanoparticles. However, 
further thermally induced growth and aggregation of 
neighboring TiO, nanoparticles are severely inhibited by the 
in situ formed carbon. As a result, only TiO, nanoparticles with 
very small size are formed within the carbon matrix. It is found 
that the average particle size is only increased slightly from 4 to 
6 nm with the Mrrp increased from 0.14 to 1.14. These results 
suggest that with increasing amount of TTIP, the in situ formed 
carbon can still effectively prevent the growth of the TiO, 
nanoparticles via an aggregation route. 

The X-ray diffraction (XRD) results in Figure 2 shows that 
the TiO, calcined in air with the Mrr of 0.14, 0.29, and 0.57 
are well-indexed to the anatase phase, whereas with the Mrr 
of 1.14, rutile becomes a dominant phase, coexisting with 
anatase. The sharp diffraction peaks imply that TiO, are 
crystallized quite well, where the crystallite sizes are in the 
range of 27—41 nm according to the Debye—Scherer equation. 
However, with the Mpyp of 1.14, rutile forms as a major 
content and anatase becomes a minor phase. 

It is reported that the anatase-to-rutile transformation can be 
influenced by various parameters such as particle morphology, 
purity, precursor, atmosphere, and reaction conditions. ? In this 
work, the coordination pattern, local environment, and 
nanocrystals packing of the titania related clusters may be 
modified with excessive amount of TTIP present in resin. As a 
result, rutile instead of anatase is formed as a major content 
after calcination in air. Figure 2b shows that the TiO, 
nanoparticles embedded in the carbon matrix are mainly of 
anatase phase with tiny amount of rutile phase observed with 
the Mrr of 0.29 and 1.14. Compared to the TiO, calcined in 
air, the peaks are much broader. It indicates that the 
crystallization of TiO, within the carbon matrix is rather 
limited. Correspondingly, the average crystallite sizes are only 
around 7 nm according to Debye-Scherer equation. 

The thermogravimetric analysis (TGA) results show that the 
TiO,/C nanocomposites prepared with the Myr of 0.14 has a 
carbon content of 72% by mass (Figure 2c). The cross-linking 
network of the methacrylate polymer and the phenyl ring 
structure within Bis-GMA are supposed to make significant 
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Figure 2. XRD patterns of the (a) TiO, and (b) TiO,/C composites, (c) TGA and (d) Raman patterns of the TiO,/C composites prepared with 
different Myr. Black, 0.14; red, 0.29; blue, 0.57; yellow, 1.14; and green (in panels b and d), 0. Lines in panel a are standard XRD patterns of 


crystalline TiO,: purple, anatase; orange, rutile. 


contribution to the formation of carbon. With the Myr 
doubled to 0.29, the carbon content is decreased to around 
35%. However, as the Myrp further increases to 0.57, and 1.14, 
the carbon contents do not change significantly, which are still 
around 40 and 38%, respectively. Considering that the TTIP 
amount is significantly increased, the overall improved carbon 
yield is because of the enhanced cross-linking of the 
methacrylate polymer network brought by the Titanium ions. 
The broad peaks in the XRD profile of bare carbon indicate the 
formation of graphite type carbon after calcination in argon. 

Raman spectra of the TiO,/C composites indicate that both 
graphite type carbon (1600 cm™’, G band) and disordered 
carbon (1350 cm™!, D band) coexist within the carbon matrix 
(Figure 2d). The shape of the D band and G band, and the 
integral intensity ratios between the D band and G band do not 
change significantly with the Myyp changed from 0 to 1.14 
(area ratio of D band/G band: 1.6). It implies that the 
incorporation of TTIP into the methacrylate network does not 
significantly modify the nature of the carbon. 

The discharge/charge curves of TiO, powders at the current 
density of 0.2 C (1 C = 335 mAh/g) are shown in Figure 3a 
and Figure S7 in the Supporting Information. Typical plateaus 
of anatase TiO, are observed in the discharge/charge curves 
with the Myrrp varied from 0.14 to 0.57. But with the Myr of 
1.14, the plateau is significantly lowered because rutile instead 
of anatase becomes the dominate phase. It seems that the first 
discharge/charge capacities are significantly influenced by the 
morphology of TiO,. With the Myr of 0.14 and 0.29, very 
similar discharge/charge capacities are observed, where the 
morphologies of the wormlike nanoparticles resemble each 
other. With the Mryrp of 0.57, inferior discharge/charge 
capacities are observed, where irregularly organized nano- 
granules are formed. The patterns of the discharge/charge of 
each sample curves are quite similar to increasing cycles. But 


the capacities decrease gradually and the plateaus are 
correspondingly narrowed. After 50 cycles at 0.2 C, around 
50% of the charge capacities are lost. The results indicate that 
the bare TiO, nanoparticles do not have good cyclic stability. 

Compared to bare TiO,, the TiO,/C nanocomposites exhibit 
distinctly different discharge/charge behaviors (Figure 3b—f). 
Typical discharge/charge curve of bare carbon anode is shown 
in Figure 3b. No obvious plateaus are observed. The first 
discharge/charge capacities reach 491 mAh/g and 255 mAh/g 
respectively with a first coulomb efficiency of 52%. The patterns 
of the second, fifth, and 50th discharge/charge curves do not 
change significantly with the capacities gradually increased to 
345 mAh/g. Concerning the TiO,/C nanocomposites, the 
patterns of the discharge/charge curves (Figure 3c—f) resemble 
the curve of the bare carbon. With the Mrrp of 0.14 (TiO,/ 
carbon mass ratio: 28/72), typical plateau of TiO, is not visible. 
The first discharge/charge curves reach 689 mAh/g and 359 
mAh/g respectively, with the first coulomb efficiency of 52%. 
After 50 cycles, both the discharge and charge capacities reach 
around 277 mAh/g. When the Myr is increased to 0.29 
(TiO,/carbon mass ratio: 65/35), very small plateaus at around 
1.7 and 2.0 V appear in the discharge and charge curves 
respectively (Figure 3d). The plateaus imply the lithiation/ 
delithiation processes of anatase TiO,. The first discharge/ 
charge curves reach 583 mAh/g and 266 mAh/g respectively, 
with the first coulomb efficiency of 46%. After SO cycles, the 
discharge/charge capacities reach around 229 mAh/g. With the 
Myyp increased to 0.57 (TiO,/carbon mass ratio: 58/42), 
small plateaus at 1.7 and 2.0 V still exist (Figure 3e). The first 
discharge/charge curves reach 556 mAh/g and 251 mAh/g 
respectively, with the first coulomb efficiency of 45%. After 50 
cycles, the discharge/charge capacities are ca. 218 mAh/g. With 
the Mrrp of 1.14 (TiO,/C mass ratio: 60:40), only tiny turning 
points at around 1.7 V are observed in the discharge curve 
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Figure 3. Charge/discharge curves of(a) the bare TiO, ands (b—f) TiO,/C 
0.29, (e) 0.57, and (f) 1.14. 


(Figure 3f). Even though the capacities of the first discharge 
process are less compared to other TiO,/C composites (only 
170 mAh/g for charge capacity), the capacities are improved 
with further cycles and reach 254 mAh/g after 50 cycles. 

The dramatic modification of the discharge/charge behavior 
of the TiO,/C nanocomposites is supposed to be the 
synergistic effects of the poor crystallization of TiO, and 
homogeneous distribution of the TiO, nanoparticles within the 
carbon matrix. It is reported that the appearance of the 
characteristic plateau originates from the lithiation/delithiation 
process of crystalline TiO,, where Li,TiO, is formed upon 
lithiation.°° However, when TiO, of poor crystallization is 
exploited as anode, no distinct stable lithiation/delithiation 
phase is formed. As a result, the plateaus are diminished and 
voltage continues to change along with proceeding lithiation/ 
delithiation process. Furthermore, because TiO, nanoparticles 
with the size of 4—6 nm are homogeneously embedded within 
the carbon matrix, the patterns of the discharge/charge curves 
resemble the standard pattern of the bare carbon anode. Even 
though the mass ratio of TiO, is increased to more than 65%, 
the patterns still do not change significantly, where only very 
narrow plateaus are observed. This finding is confirmed by 
cyclic voltammetry results (see Figure S8 in the Supporting 
Information). The well-crystallized TiO, powder exhibits 
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distinct characteristic anodic/cathodic peaks (see Figure S8a 
in the Supporting Information). Concerning bare carbon, a 
broad peak at 0.9 V and a weak peak at 1.6 V appear in the first 
cycle, due to the formation of solid electrolyte interface (SEI) 
and irreversible lithium insertion into the pores of carbon (see 
Figure S8b in the Supporting Information). From the second 
cycle, no obvious peaks are observed. Regarding the TiO,/C 
nanocomposites, the patterns of the CV curves are very similar 
to that of the bare carbon, except the existence of weak peaks 
from the second cycle due to TiO, (see Figure S8c—f in the 
Supporting Information). 

The tap densities and volumetric capacities of the composites 
are also investigated (see Figure S9 in the Supporting 
Information). It is found that the incorporation of TiO, 
nanoparticles into the carbon matrix significantly improves 
the tap density, which is increased by more than two times from 
only 0.47 to 1.14 g/cm*. Correspondingly, an outstanding 
volumetric capacity of 254 mAh/cm? is achieved with the 
TiO,/C nanocomposites, which is quite high compared to 
normal nanostructured TiO). 

The cyclic and rate performance of the TiO, and TiO,/C 
composites are presented in Figure 4. As shown in Figure 4a, a 
significant capacity loss over 50% after 50 cycles regarding the 
TiO, anode prepared with the Mrr of 0.14, 0.29, and 0.57. 
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Figure 4. (a, b) Cyclic at 0.2 C (1 C = 335 mAh/g) and (c, d) rate performance of (a, c) the bare TiO, and (b, d) TiO,/C composites prepared with 
different My p in the range of 0.005—3 V. Mrrp: black, 0.14; red, 0.29; blue, 0.57, yellow, 1.14; and green, 0. Empty symbol, discharge; solid symbol, 


charge. 


The TiO, synthesized with the Myr of 1.14 shows a relative 


stable, but inferior capacity (88 mAh/g). The lack of effective 
carbon coating on the TiO, surface is one of the major reasons 
for the poor cyclic performance. Besides, The TiO, prepared 
with the Mrr of 0.14 and 0.29 shows similar cyclic behavior, 
which are better than that with the Myry of 0.57. The results 
further suggest that the morphology is important for the cyclic 
performance. Furthermore, the TiO, synthesized with the 
Mrrp of 0.57 exhibits slightly higher capacity than the TiO, 
prepared with the Myrp of 1.14, but with worse stability. 
Considering that the morphologies of these two samples are 
quite similar, the results indicate that the crystallographic phase 
has a big impact on the capacity of TiO,. The rutile phase 
exhibits less capacity but with better cyclic stability compared to 
anatase. 

The TiO,/C composites show a much better cyclic 
performance than that of the bare TiO, anode (Figure 4b). 
Capacity loss is observed in the initial cycle mainly due to the 
formation of solid electrolyte interface (SEI). After 50 cycles, 
the capacities of the TiO,/C composites are still in the range 
between 210 and 280 mAh/g with respect to different Mpyyp. 
The good cyclic stability of TiO,/C composite may be due to 
following reasons. First, the TiO, nanoparticles with the size of 
4—6 nm can effectively accommodate the volumetric change 
during repeated discharge/charge processes, which is one of the 
major reasons for capacity fading. Second, the in situ formed 
carbon matrix provides a good electron conductive matrix and 
protective layer to the kinetics of the lithiation/delithiation 
process. 

The rate performance of TiO, and TiO,/C composites are 
shown in c and d in Figure 4. The TiO, prepared with the 
Mrrp of 0.14 and 0.29 show better rate performance at 
different current densities than the powders prepared with the 
Myyp of 0.57 and 1.14, which is due to the worm-like 
morphology feature. After 5 cycles each from 0.1 to 20 C, the 


capacities can be still recovered to around 170 and 140 mAh/g 
at 0.1 C. On the contrary, the capacities of only 80 and 100 
mAh/g are achieved with the Myrp of 0.57 and 1.14. The 
TiO,/C composites show better capacities at different current 
densities than TiO,. It is not only because of the existence of 
carbon, but also related to the small size and surface carbon 
coating of TiO). Particularly, with the current density up to 5 C, 
the capacities of the TiO,/C composites with different carbon 
content can still reach above 100 mAh/g. After 5 cycles each 
from 0.1 to 20 C, the capacities of the TiO,/C composites can 
be recovered to the range between 250 and 350 mAh/g at 0.1 
C. The results indicate that the TiO,/C composites exhibit 
good electrochemical cyclic stability. 

In conclusion, a new green facile scalable method, inspired by 
polymeric dental restorative composites, has been developed to 
synthesize TiO,/C nanocomposites. TiO, nanoparticles with 
the average sizes of 4—6 nm are homogeneously embedded in 
the in situ formed carbon matrix with the mass content of TiO, 
varied between 28% and 65%. Conventional dental meth- 
acrylate monomers are used as solvent and carbon source, 
coupled with an energy saving visible light illuminated 
polymerization process. The electrochemical studies indicate 
that the discharge/charge behavior of the TiO,/C nano- 
composites has been dramatically modified. Typical plateau of 
TiO, is significantly diminished, where voltage continues to 
change along with proceeding discharge/charge process. The 
patterns of the discharge/charge curves resemble the bare 
carbon. This phenomenon is supposed to be due to the 
synergistic effect of poor crystallization of TiO, and 
homogeneous embedding of TiO, nanoparticles within the 
carbon matrix. Besides the distinct discharge/charge behavior, 
the TiO,/C composite anodes exhibit improved tap density 
and volumetric capacity compared to bare carbon anode. Good 
rate and cyclic performance is also achieved with TiO,/C. 
Further detailed studies on the optimization of the morphology 


and LIB anode performance are in progress and will be 
addressed in future work. 
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